Abstract -The thermal response of a human in the near-zone of an antenna was determined by numerical procedures. The approach taken was to modify the heat transfer equations for man in air to account for thermal Ioadkrg due to the energy absorbed from the radiating antenna. The absorbed power density distribution in the human body was determined by considering the body and antenna to be a coupled system in which the resulting system of equations were solved by moment method procedures.
absorbed power density distribution in the human body was determined by considering the body and antenna to be a coupled system in which the resulting system of equations were solved by moment method procedures. in the area of EM effects in biological systems tend to imply that most of the observed effects are thermal in nature [1] , some recent research [2] indicates effects that appear to be nonthermally produced. In order to quantify hazardous EM near-zone field levels via thermal considerations, this research considers the thermal response of a human in close proximity to a radiating antenna. The other quantities are well known, except possibly the symbol P V which denotes the principal value of the integral (at the point 7=7' the integrand is singular, and the integration is carried out by excluding this point by surrounding it with an infinitesimally small spherical volume). The solutions for the induced electric field in the body and antenna current are achieved by using Hallen's analysis for the antenna current and using the method of moments to solve the resulting coupled equations. The method of moments solution consists of partitioning the antenna into a number of small segments and dividing the object into a large number of cubical subvolumes and utilizing pulse expansion functions and delta testing functions. This is the well-known point-matching method. The coupled integral equations (1) and (2) can then be approximated by a linear system of equations, which can be symbolically written in matrix form as where the elements of each submatrix are described elsewhere [8] . In (3), the interaction of the biological body with the antenna is given by the terms with the subscripts IE or EI. The self or noninteracting components are denoted by the subscript II for the antenna and EE for the body. Of course, if the object is far enough from the antenna, then both the [Gf~] (Maximum absorption occurs when the component parallel to the major length of the body is large.) Thus, it may be anticipated that the antenna will produce a much lower specific absorption rate (SAR) than a plane-wave field in which the electric field vector is oriented parallel to the major length of the body (so-called E-field coupling). the layer. The area of maximum absorption occurs in the ankles. This is a result of large current densities in the ankles created by currents flowing to ground through the narrow cross-sectional area of the ankles. The arms do not absorb much energy from the field because they are parallel to the large cross-sectional torso which effectively shunts most of the induced currents away from the arms. The total energy absorbed by the body was found to be 74 mW (average whole body SAR= 1.06 mW/kg).
B. A/2 Dipole
Next, the case of a A/2 dipole operating at a frequency of 200 MHz and placed very close to the head of a human in free-space is considered. Fig. 6 depicts the situation. This frequency was chosen because it is fairly close to the predicted resonant frequency of the head and, in addition, does not violate high frequency limitations of the numerical method [9] . The antenna current distribution and nearfield pattern are not significantly different from those of the previous case, so for the sake of brevity plots of these quantities are not given. On the other hand, the absorbed power density distribution for this situation is quite different. As shown in Fig. 7 , maximum absorption occurs in the neck. Because the object is located in free-space, the current density falls to zero in the feet and, as a consequence, there is much less power absorbed in the knees than what occurred in the previous situation. In addition, the average whole body SAR of 6.1 mW/kg for 1 W of input power to the antenna is around six times larger than that obtained for the monopole case. As before, the torso tends to shunt most of the induced current density past the arms, so there is smaller absorbed power density levels in the arms than typically are induced in the torso.
III.
HEAT TRANSFER MODEL
The calculated power densities induced in the human model of the previous section are now used as input data to the heat transfer model. The approach taken was to modify the heat transfer equations for-a resting man in a thermal~y neutral environment (temperature = 30°C and relative humidity =30 percent) to account for the thermal loading due to the energy absorbed from the radiating antenna.
The model used here has been described elsewhere [5] , so only a brief discussion is presented.
Basically, the heat transfer model is an adaptation of an earlier model [10] for a nude man exposed to an air environment.
The primary modification to this model consisted of dividing the object up into a finer number of finite elements in which heat transfer can occur not only from the core to the skin, but also along the major dimension of the body. This refinement is required when the body is subjected to an EM field because the heat generation produced by the field is not uniformity distributed, as it is when the thermal load is caused by a conventional air environment. For this model the body is represented by 15 cylindrical segments and a sphere for the head, with each segment subdivided into four concentric layers consisting of a core layer, muscle layer, fat layer, and skin layer. As shown in Fig. 8, convective exchange with the cardiovacsular system, convective heat transfer in the lungs, and a combined convective and radiant exchange with the surrounding environment at the surface of the skin. The thermoregulatory mechanisms of vasodilation (increased blood flow) and sweating are called upon when the body's core temperature Q I/f ., ,. As convective heat transfer by blood flow plays a critical role in thermoregulation, it is necessary to increase blood flow to selected tissues in response to local temperature increases. While it is believed that all tissues respond to local temperatures in excess of 39°C by increasing blood flow, there is not enough physiological data available in the literature to include this response for all tissues in the body. Therefore, the model sets blood flow rates to all tissues, except the muscle and skin, at the basal values [10].
The skin blood flow rate is controlled by vasodilation and is a function of the temperature difference between the local skin temperature and the skin set-point temperature,
as well as the difference between the hypothalamic temperature and its set-point temperature.
Muscle blood flow is increased only when the body is performing work which requires oxygen in excess of basal levels.
Sweating is another very important thermoregulatory mechanism, and several mathematical models have been proposed to calculate heat lost by sweating [12] . All are empirical in nature and they attempt to best fit experimental data for a variety of conditions such as for a sedentary subject or for various levels of exercise. As with the blood flow rate, the term which simulates sweating is a function of the temperature difference between local skin temperature and the skin set-point temperature and the difference between the hypothalamic temperature and its set-point temperature.
As a physical basis for the skin blood flow and sweating to be controlled by both the skin and hypothalamus temperature difference, two important mechanisms must be recognized. First, it is known from experiments on animals that the hypothalamus is sensitive to temperature, and it acts as an internal "thermostat"; when it is warmed heat dissipating actions (sweating and dilation of the peripheral blood vessels) are initiated. A second mechanism must also exist because it is well known that the hypothalamus does not provide all the feed-back information to monitor the thermal state of the body. to the other temperatures as the input power to the antenna is made larger. Fig. 10 contains the corresponding thermoregulatory responses of total skin blood flow (SBF), total evaporative heat loss (Q~), the percentage of the skin surface covered with perspiration (WE), the net rate of heat storage for the whole body (S), and the metabolic rate (Q~). The total SBF is calculated by summing the blood flows associated with each skin segment, while the total evaporative heat loss and the net rate of heat storage are obtained by summing the evaporative heat loss and net heat flow, respectively, over all the segments. Heat flow, evaporative heat loss, and the metabolic rate are plotted in terms of Kcal/m2. h, as obtained by dividing them by the total body surface area. They can be converted into watts by multiplying by 2.15. Based on both of these sets of curves, it is clear that a significant thermal response occurs only when the input power to the antenna is increased~i above around 50 W. Although there is a hot spot (a temperature of 41.6°C) in the leg when input power levels to the antenna are raised to 1000 W, the increased thermoregulatory responses of sweating and vasodilation are able to keep the average body and rectal temperature increases small.
In Fig. 11 , selected temperatures and thermoregulatory responses are plotted versus exposure time when the input power to the antenna is 500 W. As can be seen, there is an instantaneous response of the body to the EM thermal load, but it takes around 90 tin to reach thermal steadystate conditions. As was stated above, the ankle temperature is significantly elevated over the other temperatures, and a hot spot temperature of around 40°C is reached. This illustrates, and it should be emphasized, the fallacy of considering only rectal or average body temperature as an indicator of acute temperature rise. While the effect of blood circulation tends to lessen the magnitude of hot spots, it cannot remove them completely. In other words, hot spots will exist at locations predicted solely on the basis of the EM model, but their severity is reduced when blood flow and other thermoregulatory mechanisms are considered. the same as the previous case except the thigh core temperature is considered instead of the ankle or knee temperatures. Note that for this situation the location of the hot spot is in the neck. This location is to be expected as the logical candidate for a hot spot because the EM absorption model (see Fig. 7 ) predicted larger absorbed power densities there. Another important point is that the average whole body SAR is around six times greater than the previous case, consequently the body begins to thermally respond to the external fields at somewhat lower antenna input power levels.
C. Comparison with Plane-Wave Fields
These results can also be compared to plane-wave field heating patterns [5] . As the current U.S. safety standard is specified in terms of milliwatts per square centimeter, it is common for researchers to convert near-zone fields into an IV.
DISCUSSION AND CONCLUSIONS
The numerical simulation of the body's thermal response to antenna near-zone fields has been calculated. Two antenna-body configurations were considered. As might be expected, the heating patterns produced by the two antennas were different. The A/4 monopole tended to produce elevated temperatures in the lower part of the legs, while the A/2 dipole generated higher temperatures in the neck and upper torso. The A/2 dipole was operated at 200 MHz, which is fairly close to the predicted head resonance frequency of 375 MHz. Whole body resonance for a human located over a ground plane was simulated by the A/4 monopole operating at 45 MHz.
It was found that at least 50 W of input power are required before the body experienced any significant thermal effect from the near-zone antenna fields. Because worst case conditions were simulated (whole-body resonance and near-head resonance for the object and also resonant conditions for the antennas), these results imply that a person holding a 2-W transmitter or standing near a CB antenna operating at 27 MHz, should not experience any acute thermal loading from the antenna fields. It should be pointed out, however, that CB type antennas can also be loaded (top and base) to increase radiation efficiency. This tends to also increase near-zone fields [13] , and consequently these antenna conditions should also be simulated.
On the other hand, the model indicates that high power communication antennas operating in amateur, land, and maritime mobile bands, etc., with input power levels ranging from 100 to 1000 W will produce near-zone fields that can probably cause thermal loading in a human situated close to the antenna. Separation distances which minimize thermal loading can be estimated by a consideration of or 111-V/m fields. Thus, the fields produced by the 1000-W transmitter should be decreased by a factor of 10 (or 1107/ 11 1). From Fig. 3 , this means that the body has to be placed around 2.5 m from the 1OOO-W source in order to minimize thermal loading effects. on a monkey exposed to an EM field at or near the animal's whole body resonant frequency. Because monkeys have thermoregulatory systems that are similar to man, they are a good thermal subject and consequently verification of the numerical model based on data taken on monkeys is tantamount to verification in human subjects.
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